Abstract The purpose of this work was to identify germ line RB1 mutations in 16 Serbian retinoblastoma patients for genetic counselling. Mutation analysis was carried out by PCR directed sequencing of the 27 exons. Loss of heterozygosity for two RB1 intragenic markers was also analyzed in 14 tumour samples. Five new RB1 oncogenic mutations (g.2078 del C, g.77047_48 del GC, g.78117_8 del TT, g.160797 del T, and g.64439+2 T>C) and two recurrences (R445X and Q383X) have been found in this study. In addition, four intronic variants were observed germ line in some unilateral patients. Two of these variants (g.44668-15T/G, and g.166204-8T/A) are discussed as potential oncogenic mutation candidates. The results show the relevance of studies aimed to investigate the role of intronic variants in exon splicing regulation. Such studies will help to disclose hidden retinoblastoma susceptibilities, important for accurate genetic counselling.
Introduction
Retinoblastoma (MIM# 180200), is a rare embryonic neoplasm of retinal origin, with a relative incidence of 2.6% of all pediatric tumors (Narod et al. 1991) , and an age standardized incidence of 4.1·10 6 in the 0-14 years interval (Steliarova-Foucher et al. 2002) . Most of the clinical phenotypes can be explained by the double mutational inactivation of RB1, the retinoblastoma susceptibility gene (Cavenee et al. 1983 ), prototype of tumor suppressor genes that controls cell cycle progression (Kaelin 1999) . According to the well established genetic model, in the hereditary form of the disease, a germ line mutation is transmitted as a high penetrance (90%) autosomic dominant trait, resulting in a 45% risk in offspring of patients with hereditary retinoblastoma; the second inactivating mutation occurs in retinal cell precursors (Knudson 1971) . Most of these patients have bilateral retinoblastoma and a mean age at diagnosis less than one year. In the nonhereditary form of the disease, both inactivating events occur during the somatic development of retinal cells and result in the relatively late onset of a single tumor M. Kontic AE V. Bunjevacki School of Medicine, Institute of Biology and Human Genetics, Belgrade, Serbia and Montenegro in one eye (Draper et al. 1992) . However, nearly 15% of the unilaterally affected patients have germ line RB1 mutations, representing a 45% risk for their offspring, and these patients cannot be clinically distinguished from patients with true somatic unilateral retinoblastoma, who present a negligible risk for siblings and offspring (Murphree 1995; Harbour 1998) . In addition, the presence of RB1 germ line mutations confers an increased risk for development of second primary tumors, mainly osteosarcoma and other sarcoma, in the survivors of hereditary retinoblastoma, with a cumulative incidence of 22% at the age of 25 years (Moll et al. 2001 ). In addition, hereditary retinoblastoma survivors have a lifetime risk of developing common epithelial cancers (Fletcher et al. 2004) .
In order to identify carriers and to provide accurate genetic counseling, we have undertaken a mutational study of RB1 in Serbian retinoblastoma patients, referred to the Institute of Ophthalmology in Belgrade. Our results show the importance of mutational screening of unilateral retinoblastoma patients and the relevance of intronic variants as possible oncogenic mutations.
Materials and methods
The mutational studies were carried out in the peripheral blood DNA of 4 bilateral retinoblastoma patients and 12 unilateral patients, referred to the Institute of Ophthalmology, Belgrade. One of the bilateral patients has a family history. Written informed consent was obtained from the patients or their parents. Diagnosis of retinoblastoma was established by standard ophthalmologic and histological criteria. Paraffin embedded, histological representative, tumor samples from three bilateral and eleven unilateral patients were also available for study. In addition, a chorionic villous sample was provided for prenatal diagnosis. RNA for alternative splicing investigation was not available.
Whole blood from patients and relatives was collected in standard EDTA blood collection tubes and the DNA were extracted as described elsewhere (Alonso et al. 2001a, b) . DNA was also extracted from paraffin embedded tumor sample using reagents and protocols provided by QIAGEN. Direct sequencing of PCR amplimers exons 2-27 was carried out as described (Alonso et al. 2001a, b) . For exon 1 amplification, the following set of primers was used:
Due to the high GC content, best results with exon 1 were obtained by using GC-RICH solution and Fast Star Taq DNA Polymerase, according to the protocol provided by the supplier (Roche Applied Sciences). All sequences were compared with the GenBank sequence (accession number: L11910). The mutations were sequenced at least once more from separate PCR reactions. The variation g.174361-10T/A was also tested by DraI restriction and electrophoresis of the PCR product as published (Alonso et al. 2001c) .
Deletions involving intron 2 and/or intron 20 were analyzed in whole blood and tumor DNA samples, amplified with fluorescent-labeled primers specific for high polymorphic microsatellite markers Rbi2 and RB1.20, coupled to fragment analysis as described elsewhere (Alonso et al. 2001a, b) .
When indicated, normal and mutated RB1 sequences were analyzed with the program Genscan available at the MIT web (http://www.genes.mit.edu/ GENSCAN.html), and the exon finder system available at the EMBO-EBI web (http://www.ebi.ac.uk/asdsrv/wb.cgi). Exonic splicing enhancers were analyzed with ESEfinder available at the CSH web (http:// www.ebi.ac.uk/asd-srv/wb.cgi).
Results
Seven small length mutations have been found in the mutational study of Serbian retinoblastoma patients (Table 1 ). The highly recurrent R445X mutation (24 hits in the Retinoblastoma gene mutation database, RBGMdb, by Valverde et al. 2005) , has been observed germline in a bilateral patient and in one unilateral tumor. Another nonsense mutation, Q383X, found as second inactivating mutation in a bilateral tumor, has been previously reported twice (Richter et al. 2003) . The four germ line frameshift deletions (g.2078delC, g.77047_48del GC, g.78117_8 del TT, g.160797_del C) found in patients SR15, SR21, SR23 and SR25 have not been reported before, according to data in RBGMdb (Valverde et al. 2005) . The predicted outcome of these mutations will be inactive truncated Rb protein lacking one or both pocket domains. The somatic T/C transition (g.64439+2T>C) affecting one invariant nucleotide at the splicing donor site of intron 10 (SR04T), will result in the deletion of exon 10 and a premature stop codon in exon 11.
Intragenic RB1 deletions affecting Rbi2 and/or RB1.20 markers were observed in six tumor samples (Table 1) , leading to hemizygosity of the mutated allele (see an example in Fig. 1 ). In one tumor (SR15T), the complete inactivation of RB1 function was achieved through a second small length mutation. In the tumor samples SR23T and SR07T no LOH of the polymorphic markers was observed. The second inactivating mutation in these cases could be the result of an intragenic deletion within exons 2 and 20. However, this possibility remains unexplored for insufficient genomic DNA sample. In five tumor samples from unilateral patients, shown in Table 1 , PCR sequencing could not be performed. No reliable sequencing or fragment analysis could be performed in other four tumor samples due to extensive degradation.
Besides these canonical RB1 mutations, four intronic variants were observed in the Serbian study (see Table 2 ). A T/G transversion at -15 in intron 4 (g.44668-15T>G) has been observed germline in a unilaterally affected Serbian patient (SR08) and his unaffected father. This rare variant could not be detected in other 146 retinoblastoma patients from Spain, Colombia, Cuba and Serbia, in which exon 5 was sequenced. The variation g.166204-8T/A in intron 22 has been observed germline in a Serbian unilateral patient (SR016), with no other sequence alterations.
The intronic variants g.76869-14A/T and g.174361-10T/ A were observed in cases and controls with rather similar frequency and therefore represent true single nucleotide polymorphisms.
Discussion
The identification of germline mutations is important to detect affected or asymptomatic carriers within a pedigree, and also to provide prenatal or preimplantation genetic diagnosis. In this study, the oncogenic mutation detected in the patient with family history, was also found germline in the affected father, but not in the chorionic villi of the pregnant mother.
A true oncogenic mutation was found germline in one unilateral sporadic retinoblastoma patient (SR25) out of the twelve analyzed. Although the sample size is small, the observed frequency (1/12=8.3%) is much lower than the 22.9% of germline mutations found by us in a larger unilateral retinoblastoma sample (Alonso et al. 2005) . Candidates for oncogenic mutations can be found among the intronic variants which in several occasions have been found to alter RNA sequence motifs for exon splicing enhancers or silencers (Cartegni et al. 2002) . Our results (Table 2) have shown the presence of two intronic variants in Serbian patients, with potential oncogenic significance. Several lines of evidence suggest the oncogenic character of the intron 4 variation, g.44668-15T>G. Using the program Genscan for predicting the locations and exon-intron structures of genes in genomic DNA, it was observed that RB1 exon 5 is a suboptimal exon, which is skipped in silico in the G allele. With the help of the ESEfinder program for splicing enhancers' motif prediction, it was observed that the rare allele G generates a functional SRp40 binding site (TCA-TAAG), located in g.44647-g.44653, with a score of 3.37 vs. 0.99 in the normal sequence (TCATAAT). This high affinity SRp40 motif in the intronic variant could activate alternative splicing mechanisms, as recently demonstrated for an intronic polymorphism in the KLF6 tumor suppressor gene (Narla et al. 2005 Shapiro and Senepathy 1987 ) from 80.6 to 69.5, and creates a new splicing site 6 nucleotides upstream of the wild type acceptor site (ttttttgttttagCTCTAGCCCCC...), with a better consensus value (77.6) than the mutant. The usage of this cryptic site is expected to result in a chain terminator two codons downstream. Although this prediction could not be tested at the present, for lack of RNA, functional studies with minigene constructions will be carried out in the future to test the hypothetic oncogenic character of this variation. The relevance of such studies for genetic counseling needs not be emphasized, as they could help to disclose hidden retinoblastoma susceptibilities.
